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Filepath:H:/01_CUP/3B2/Lubow-9780521517331/Applications/3B2/Proof/ 9780521517331c15.3d in producing the cognitive abnormalities of schizophrenia (Bleuler, 1911; Kapur, 2003 Kapur, , 2004 ). The present chapter will touch on applications to schizophrenia: we rely on the rest of the volume to persuade the reader that LI has proven to be translationally relevant for examining schizophrenic dysfunction (see Kumari & Ettinger, this volume; Lubow, this volume; Swerdlow, this volume: Weiner, this volume ; also see Lubow, 2005) . We first review the roles of intrinsic and acquired salience in LI. This will be followed by comparison between LI and other selective learning effects that depend to varying extents on salience modulation. We will then review what is known about the underlying psychological and neural substrates of these learning effects and how they compare with those of LI. Such comparisons have the potential to identify the underlying mechanisms necessary for normal salience modulation. We will then consider the neural substrates of these selective learning effects, discuss how the action of dopamine (DA) may differ between them, and consider the implications for understanding diseases associated with abnormal salience processing such as schizophrenia.
Salience processing in LI
Since the discovery of LI (Lubow & Moore, 1959) , the effect has provoked controversy. One early view was that LI arises because of reduced salience of the stimulus as a result of past experience of the stimulus without consequence in the non-reinforced pre-exposure phase (e.g., Mackintosh, 1975) . Specifically, low salience of the pre-exposed stimulus would be learned. In a related vein, LI has been compared with the habituation that is produced by repeated stimulus presentations during the pre-exposure phase. Habituation can be seen as attentional in that it can refer to the decline in the orienting response, both within and between sessions of stimulus presentation. The latter "long-term" effect has been identified with LI, based on arguments that the orienting response measure of habituation is also said to provide an index of stimulus associabilitythe loss of associability being the key effect of LI training (Swan & Pearce, 1988) . Pearce and Hall (1980) extended this argument, suggesting that the associability of a stimulus declines as its associative strength increases. In support of this assertion, Kaye and Pearce (1984) showed that the orienting response to the conditioned stimulus (CS) declines as its associative strength increases over the course of training; then they went on to demonstrate that the same hippocampal lesions that attenuate LI result in a decline in the orienting response consistent with reduced associability (Kaye & Pearce, 1987) . However, LI and long-term habituation have been dissociated behaviourally by their sensitivity to contextual changes. Hall and Channell (1985) showed in the same procedure that a change in context that does not affect habituation (as measured by the orienting response) was sufficient to disrupt the retardation of learning produced by the LI training. Habituation and LI are also affected in opposite ways by changes in intrinsic salience. Paradoxically, stimuli that produce larger orienting reactions, which take longer to show habituation with repeated Latent inhibition and other salience modulation effects 343 presentations, produce more rather than less LI (see reviews by Hall, 1991; Lubow, 1989) . Indeed pre-exposure to diffuse configurations of stimuli sometimes results in the opposite effect of improved ("perceptual") learning. For example, context preexposure can facilitate (rather than delay) the formation of future context-UCS association (Rudy & O'Reilly, 1999) . A fuller account of the interrelationship between habituation and LI is given by Honey, Iordanova and Good (this volume) .
In any event, there is more to LI than a pre-exposure effect because by definition the effect is demonstrated on later associative learning. Knowledge of "irrelevance" is established in stage 1 of the procedure, by repeated presentation of a stimulus (e.g., a noise) without any consequences. In stage 2, the prior stimulus pre-exposure reliably retards any subsequent conditioning to that same noise stimulus, even though it now predicts a motivationally significant outcome such as food or foot-shock delivery. Thus, when LI is abolished by drug or lesion treatments, mechanisms underlying the changes occurring in the initial pre-exposure stage of LI are unlikely to be the whole story. In a two-stage procedure, when LI is abolished, there is relatively little effect in the second stage of the procedure -conditioning -of previous non-reinforcement of the stimulus. Consistent with the importance of mechanisms underlying the conditioning stage of LI, interference has been advanced as an explanation of normal LI in the rat. The idea is that the association formed in pre-exposure "this stimulus signals nothing" normally disrupts conditioning "this stimulus signals something" through associative or behavioural interference with learning or performance (Bouton, 1993; Kraemer & Roberts, 1984; Kraemer & Spear, 1992; Weiner, 1990 Weiner, , 2003 . However, it should be noted that the best-developed retrieval account of LI locates the site of the interference produced by pre-exposure to the later expression of previous learning that is measured by test presentations in a third stage of the procedure (Miller & Matzel, 1998; Escobar, Arcediano & Miller, 2002a; Escobar, Arcediano, Platt & Miller, 2004; Escobar, Oberling & Miller, 2002b) . This distinction will be returned to in discussion of how impairments in LI should be interpreted, and the implications of drug studies that confine treatments to different stages of the LI procedure. We will first compare alternative tasks involving salience modulation, at the level of both the psychological processes and the underlying neural substrates.
Other salience modulation effects
To recap, the effects of salience can be direct and immediate, for example if an intrinsically loud noise is a more effective conditioned stimulus than a dim light. Alternatively, the effects of salience can be acquired, as is the case in LI. There are other procedures in which prior knowledge retards later learning and in this sense (reduced) salience is acquired, for example blocking (Kamin, 1968) . Blocking experiments demonstrate that if a stimulus, say a light, is conditioned as a signal for an outcome in the presence of a pre-established signal for that same outcome, say a noise, learning about the light is poor, compared to the case in which the noise and light are conditioned together but the noise has not been pre-trained. In this case prior experience with the noise impedes learning about the light. In the blocking group, the additional stimulus is effectively redundant in the absence of any change in the quantity or quality of food or foot-shock delivered. Importantly blocking procedures need to control for the loss of conditioning due to the cue competition when two stimuli are presented in compound, so that overshadowing can be distinguished from the reduced salience due to redundancy with respect to predicting a biologically significant outcome (Table 15 .1). Overshadowing is the essential control group to show blocking because it has long been established that the associability of an otherwise effective CS is reduced by the presence of a competing stimulus (Mackintosh, 1976) . Overshadowing is itself shown as reduced conditioning to B in group 2 relative to group 1 (Table 15 .1).
It its own right overshadowing is an important effect in studies of stimulus selection for learning. A fundamental consideration arises in that both LI and blocking are twostage procedures in which the effects of prior experience must transfer to a subsequent conditioning stage to influence associability. Overshadowing, in contrast, is a simple one-stage conditioning task to test effects on salience modulation without invoking the need explicitly to compare present contingencies with prior experience as is the case in two-stage learning tasks. Thus overshadowing procedures provide the cleanest example of learning differences based on intrinsic salience. However, the distinction between intrinsic and acquired salience is still not absolute. For example, under some conditions, overshadowing can be reduced by prior experience with the CS (Carr, 1974; Oberling, Bristol, Matute & Miller, 2000) .
Finally, to the extent that interference theories of LI are correct and LI depends in part on processing competing associations, then other learning phenomena can be used to study the underlying substrates. For example, despite similarity in name, conditioned inhibition involves processes distinct from LI. Conditioned inhibition is demonstrated as a discrimination that is demonstrated when the meaning of the CS is qualified by an additional stimulus (Pearce & Hall 1980; Wagner, 1981) . Specifically, whilst the CS presented alone reliably predicts the UCS outcome, when presented in conjunction with the conditioned inhibitor the otherwise expected outcome will not occur. The resulting inhibitor acquires the ability to counteract the effect of other CSs for the same UCS (Rescorla, 1969) . Both the acquisition and expression of conditioned inhibition thus depend on the ability to process two associations simultaneously, and in this sense conditioned inhibition procedures provide a parallel with what is said to occur in LI, according to interference accounts.
Different psychological processes?
Before consideration of whether the neural substrates of LI and other salience modulation effects are the same, it is important to first consider how far analysis of their underlying psychological processes supports the idea that there is overlap. In general terms, the theories of associative learning have been developed to explain selective learning phenomena such as LI, overshadowing and blocking. The proposed mechanisms whereby such selectivity is achieved vary between theories. For example, a particular success for the Rescorla-Wagner theory (1972) was the prediction of one-trial blocking. The stage-1 pre-training in the blocking procedure means that the UCS is already fully predicted; there is no further associative strength to be allocated and nothing further to be learned. By contrast, Rescorla-Wagner (1972) did not predict one-trial overshadowing because the trial-1 error term (or discrepancy between what is expected and what actually occurs) cannot be affected by the presence of the additional overshadowing stimulus. Thus, consistent with a distinction between acquired and intrinsic salience, behavioural analysis based on Rescorla-Wagner (1972) would suggest that blocking and overshadowing are different phenomena. Similarly, the mechanisms underlying LI and overshadowing were assumed to be different (Rescorla & Wagner, 1972; Wagner, 1981) .
Of course the field has progressed since 1972 and one-trial overshadowing was subsequently demonstrated (James & Wagner, 1979; Mackintosh & Reese, 1979) . Precisely this kind of evidence leads to revision of theory. Indeed, Wagner (1981) , moving on to consider factors intrinsic to the stimuli, did predict one-trial overshadowing. This theory assumes limited-capacity processing: for learning to occur, the elements that represent the CS are required to be in a state of full activation; the presence of the overshadowing stimulus will restrict the number of CS elements that can be fully active. Accordingly, less salient CS elements will disappear from the animal's attentional focus.
The other post-1972 attentional theories can explain LI and overshadowing in the same way, consistent with shared psychological mechanisms underlying salience modulation, irrespective of whether the salience at issue is acquired or intrinsic. For example, they explain LI and overshadowing in terms of reduced associability, on account of pre-exposure and a learned loss of associability suffered by the overshadowed cue, respectively (Mackintosh, 1975; Pearce & Hall, 1980) . However, in more recent theoretical developments, Mackintosh now attributes LI to a salience modulation process that is distinct from that mediating overshadowing. Specifically, LI is now explained in terms of reduced associability as elements of the CS become associated with each other and with contextual elements, rendering them unsurprising and thus ineffective for learning. By contrast, overshadowing relies on no such acquisition and (because of an additional feature of the model in terms of what counts as a learning trial) can be presumed to occur from the very first trial (McLaren & Mackintosh, 2000) , consistent with the aforementioned experimental evidence (James & Wagner, 1980; Mackintosh & Reese, 1979) .
New "hybrid" models of associability, beyond the scope of this chapter, go even further (Le Pelley, 2004) to embrace evidence that under some circumstances associative history can impair (Hall & Pearce, 1979; Pearce & Hall, 1980) as well as enhance associability (Mackintosh, 1975) . Le Pelley (2004) sees access to the learning mechanism or "attentional weight" in learning experiments with competition between simultaneously presented cues (Mackintosh, 1975) as essentially orthogonal to salience for learning based on previous training (Pearce & Hall, 1980) . Therefore, in general terms, Le Pelley's hybrid model echoes the distinction between intrinsic and acquired salience proposed here.
However, behavioural analysis alone has yet to resolve the issue of how stimulus salience should best be conceptualised. The intimate relationship between theory and evidence introduces an inevitable circularity as the development of the general theories is driven by the behavioural evidence. Patterns of association and dissociation in terms of underlying substrates will provide an additional level of analysis to determine whether different varieties of learning effects (measured for example in blocking, overshadowing, and conditioned inhibition procedures) are functionally equivalent or not. The evidence reviewed above clearly points to the conclusion that these different tasks are unlikely to show complete overlap in terms of underlying substrates. How far the differences are attributable to additional processes, beyond salience modulation and not common to different kinds of selection for learning, remains to be determined. Figure 15 .1 shows how we might imagine the differential and overlapping contributions of salience modulation and other underlying mechanisms in LI, blocking and overshadowing. The extent to which patterns of similarity and difference map onto a broad distinction between intrinsic and acquired salience similarly remains to be determined. However, this kind of simple taxonomy would be appealing because two such distinct routes to modulating stimulus salience map onto the distinction drawn more widely in psychology between "bottom-up" and "top down" processing.
To ground different aspects of salience modulation in terms of their biological bases will help to distinguish between theories developed at the behavioural level of analysis, as well as potentially advance our understanding of schizophrenia. If the salience modulation that is central to LI is the same as that involved in blocking, overshadowing and other selective learning phenomena then shared neural substrates should be clearly identifiable.
Same neural substrates?
The DA system, nucleus accumbens (n.acc) in particular, is best known as a substrate of reward and reinforcement (Ikemoto, 2007; Koob, 1992; Schultz, 1997; Wise, 2004; Wise & Rompre, 1989) . However, there is mounting evidence that n.acc is activated by the salience of stimuli rather than just their reinforcing properties. This was definitively shown in a sensory pre-conditioning paradigm where conditioning occurs to stimuli that are not directly reinforcing or paired with a reinforcer (Young, Ahier, Upton, Joseph & Gray, 1998) .
It is now clear that the n.acc and its dopaminergic innervation form a crucial component of the neural circuitry of LI (Jongen-Relo, Kaufmann & Feldon, 2002; Joseph, Peters, Moran et al., 2000; Restivo, Passino, Middei & Ammassari-Teule, 2002; Tai, Cassaday, Feldon & Rawlins, 1995; Weiner, 2003; Weiner, Bernasconi, Broersen & Feldon, 1997; Weiner, Gal, Rawlins & Feldon, 1996) . The simplest variant of hypothesis as to underlying mechanism would state that DA activity makes stimuli seem more salient and thereby enhances learning about them, despite the pre-exposure (Gray, Feldon, Rawlins et al., 1991; Gray, Kumari, Lawrence & Young, 1999; Gray, Moran, Grigoryan et al., 1997; Kumari, Cotter, Mulligan et al., 1999; Solomon, Crider, Winkelman et al., 1981; Weiner, Lubow & Feldon, 1981 . The neurobiology of LI has already been extensively reviewed within the present volume (Gould; Weiner; Louilot et al., Honey, Iordanova & Good) .
Non-dopaminergic systems clearly play an important role in LI and related learning effects. We focus on the role of DA and brain structures connected to n.acc because the number of comparison points is overall highest. Table 15 .2 provides a summary of some of the reported drug and lesion effects on LI, blocking and overshadowing, behavioural effects that have been most thoroughly investigated as models for schizophrenic attention deficit. It is necessarily incomplete because for the most part these comparisons have not been systematic: Table 15 .2 includes only studies where data from two or more studies of LI, blocking and overshadowing were available. As can be seen, the evidence for equivalence in the neural substrates of LI and blocking is mixed. The results obtained with noradrenergic dorsal bundle lesions and serotonergic raphe lesions are contradictory. With respect to the hippocampal connection, the apparent inconsistency in terms of the outcome of lesion studies is reflected in the fact that the direction of effects reported is variable (some dopaminergic lesions also generate persistent LI: Weiner, 2003; Weiner, Gal & Feldon, 1999) , perhaps as a result of differences in procedures (Section 6). However, the evidence pertaining to the dopaminergic substrates of LI, blocking and overshadowing consistently underscores their importance.
In fact, there are a number of diverse lines of evidence which taken together suggest that DA and its neural pathways are as important for blocking as for LI. Similar to LI, patients with schizophrenia have deficits in blocking, as has been shown using a variety of learning paradigms (Bender, Muller, Oades & Sartory, 2001; Jones, Gray & Hemsley, 1992; Jones, Hemsley, Ball & Serra, 1997; Moran, Al-Uzri, Watson & Reveley, 2003; Moran, Owen, Crookes et al., 2008; Oades, Rivet, Taghzouti et al., 1987; Serra, Jones, Toone & Gray, 2001 ). Importantly, this blocking deficit has been reported over and above any change in overshadowing (Bender et al., 2001; Jones et al., 1997; Moran et al., 2003 Moran et al., , 2008 . In electrophysiological studies of primates, the development of blocking has been shown to be mirrored by reduced dopaminergic neuronal firing in the ventral tegmental area as compared to control groups (Schultz, 2006; Waelti, Dickinson & Schultz, 2001) , demonstrating a dopaminergic neuronal correlate to the phenomenon. Like LI, blocking has been reported to be abolished by treatment with amphetamine in the rat (Crider, Solomon & McMahon, 1982; Ohad, Lubow, Weiner & Feldon, 1987; O'Tuathaigh, Salum, Young et al., 2003) .
Intriguingly from the perspective of comparison with LI, n.acc has recently been identified as a neural substrate of blocking (Iordanova, Westbrook & Killcross, 2006) . In this study, direct injection of the indirect DA agonist amphetamine into n.acc enhanced blocking. Conversely, blocking was reduced by injection of a mixed DA D1/D2 antagonist but not by a more selective D2 antagonist. In contrast with these blocking results, in LI procedures direct injection of amphetamine in n.acc resembles the effect seen with systemic treatment in that it abolishes LI (Solomon & Staton, 1982) , and dopaminergic effects in LI have been found to be DA D2 mediated (Section 5). At face value, these differences point to different underlying mechanisms in LI and blocking procedures. However, the procedure used by Iordanova et al. (2006) 
Filepath:H:/01_CUP/3B2/Lubow-9780521517331/Applications/3B2/Proof/ 9780521517331c15.3d control) stimulus was the experimental context. The neural substrates of discrete cue and contextual conditioning are not identical (e.g., Winocur, Rawlins & Gray, 1987) , and dissociable drug effects mediated in n.acc were earlier demonstrated in the same kind of fear conditioning procedure (Westbrook, Good & Kiernan, 1997) . Furthermore, the micro-injections used by Iordanova and colleagues were centred on core rather than shell n.acc. Shell n.acc is the appropriate target through which to reproduce the effects of systemic amphetamine on LI and related effects (Weiner, 2003; Weiner et al., 1996; Weiner et al., 1999) . In contrast with the pattern of effects reported by Iordanova et al. (2006) and consistent with DA D2 mediation, an earlier study reported that the amphetamine-induced disruption of blocking was haloperidol-reversible (Crider et al., 1982) .
More generally, when the required overshadowing control for blocking is in place (Table 15 .1, Section 2), further changes in learning that are unequivocally mediated through (effects on) blocking can be difficult to demonstrate (Cassaday, 2009) . Although relatively little is known about the neural basis of overshadowing (Garrud, Rawlins, Mackintosh et al., 1984; Good & Macphail, 1994) , the DA system is clearly involved (Oades et al., 1987; O'Tuathaigh & Moran, 2002 O'Tuathaigh et al., 2003) . Using an appetitive procedure, we recently found that systemic amphetamine abolished overshadowing in the absence of any effect, in the same overshadowing procedure, of conventional lesions to n.acc. On the other hand, LI is known to be disrupted by both lesions to the n.acc shell and systemic amphetamine, leading to the hypothesis that systemic amphetamine effects are mediated via effects on DA in this structure (Weiner, 1990 (Weiner, , 2003 Weiner et al., 1996 Weiner et al., , 1999 . The absence of lesion effects in overshadowing, which suggests that n.acc does not provide a common path for salience modulation, was not the predicted outcome, and we discussed a number of possible explanations for this discrepancy (Horsley, Moran & Cassaday, 2008) . The possible contribution of task motivation is discussed in more detail below. However, if task motivation were the explanation, n.acc shell lesions should be similarly without effect on appetitive LI, which has yet to be tested. Second, complete n.acc. lesions that take out both shell and core subfields also spare LI (Jongen-Relo et al., 2002; Konstandi & Kafetzopolous, 1993; Tai et al., 1995; Weiner et al., 1996) . Therefore, to the extent that the same psychological processes underlie (the abolition of) overshadowing and LI, inadequate selectivity of the lesion method could in principle explain the failure to abolish overshadowing. However, this possibility was dismissed as the electrolytic lesions that we used showed good selectivity for shell and core subfields of n.acc and the shell lesion increased unconditioned responding, both for food and to the overshadowing tone stimulus (Horsley et al., 2008) . Furthermore, the same shell and core lesions showed differential effects in other conditioning procedures (Cassaday, Horsley & Norman, 2005) .
We therefore concluded that structures outside n.acc must be involved in overshadowing (Horsley et al., 2008) . This conclusion does not preclude a role in overshadowing for the wider range of brain structures known to be involved in LI (Gray et al., 1999) . Figure 15 .2 shows the multi-synaptic circuitry identified with salience modulation through lesion studies of LI. This links n.acc with cortical areas in a number of parallel loops. Thalamic structures and frontal cortex would seem likely candidate substrates for overshadowing. The thalamus has earlier been identified with salience modulation because of its key role as a sensory relay with cortical loops that link n.acc output to perceptual systems (Gray et al., 1999) . Thalamic lesions have been shown to disrupt functions mediated by n.acc, including LI and blocking (Nicholson & Freeman, 2002) . Frontal cortex has been identified becausein addition to its direct projections with n.acc -of its definitive connections with the mediodorsal thalamic nucleus (Rose & Woolsey, 1948 ) that in turn receives projections from n.acc, particularly from the shell (O'Donnell, Lavin, Enquist et al., 1994) . The role of frontal cortex in LI is currently under investigation. The documented role of the frontal cortex in holding task-relevant information "on-line in working memory" (Levy & Goldman-Rakic, 2000) is also consistent with a role for frontal cortex in overshadowing.
However, conventional lesion studies on their own only tell us whether a structure is necessary to the behaviours under test; they do not tell us about its neuromodulatory actions. In LI, conventional lesions reliably reproduce the effects of behaviours mediated through DA D2-like receptors, because the effects of agonists at these receptor subtypes are inhibitory. By contrast, DA D1-like receptors are positively coupled to adenylate cyclase and thus excitatory. Therefore, if the abolition of
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Finally, although little is known about the neural substrates of conditioned inhibition, mesolimbic DA appears to be a plausible substrate. This possibility is consistent with the moderating effects on conditioned inhibition of reward sensitivity and schizotypy, demonstrated in human studies (Migo, Corbett, Graham et al., 2006) . In the rat, treatment with amphetamine has been reported to enhance the acquisition of conditioned inhibition (Harmer & Phillips, 1999) .
In summary, lesion and pharmacological studies applying drugs directly into the brain suggest that LI shares common dopaminergic substrates with blocking and overshadowing and the same brain regions may be involved in conditioned inhibition. However, one of the few studies of the neural substrates of blocking suggests the possibility of dissociation in terms of the critical DA receptor subtypes (Iordanova et al., 2006) . We next turn to the evidence that the psychopharmacological mechanisms through which DA mediates its effects are dissociable, both within LI, depending on the stage of procedure, and between LI and overshadowing.
Different psychopharmacology?
Drug studies have greatly advanced our understanding of the bases of disrupted LI by the use of treatments selectively introduced at the pre-exposure and conditioning stages of the procedure (Feldon, Shofel & Weiner, 1991; Feldon & Weiner, 1989; Hitchcock, Lister, Fischer & Wettstein, 1997; Killcross, Stanhope, Dourish & Piras, 1997; LaCroix, Spinelli, Broersen & Feldon, 2000; Weiner, Lubow & Feldon, 1984) . Thus, within the LI procedure itself, dissociations in terms of where drugs are effective tell us through which mechanisms they are effective. For example, amphetamine-induced abolition of LI is very clearly demonstrated, but only providing that the drug is present in the conditioning stage (Joseph et al., 2000; Weiner, 2003; Weiner et al., 1984 Weiner et al., , 1988 Young, Moran & Joseph, 2005, for review) . This pattern of effects naturally fits with interference-based accounts of LI (e.g., Bouton, 1993; Kraemer & Roberts, 1984; Kraemer & Spear, 1992) . It is not so readily explained by interference-based accounts that emphasise the retrieval of conflicting associations when conditioning is later tested (Escobar et al., 2002a (Escobar et al., , 2002b (Escobar et al., , 2004 Miller & Matzel, 1998) . Similarly, drug effects mediated at conditioning are apparently inconsistent with the idea that the demonstration of LI rests on changes in the effective salience or associability of the to-be-conditioned CS due to its inconsequential presentation during the pre-exposure phase (Section 1).
The effects of drugs on LI mediated at the pre-exposure phase have been demonstrated with compounds that affect GABA (Feldon & Weiner, 1989; LaCroix et al., 2000) , as well as with serotonergic compounds (Hitchcock et al., 1997;  Killcross et al., 1997; Weiner, 2003, for review) . On the other hand, it is much harder to modulate LI with dopaminergic treatments that are confined to the pre-exposure phase (Weiner, 2003; Weiner et al., 1984 . Under some circumstances, the indirect agonists nicotine and amphetamine, when administered in the pre-exposure stage, have disrupted LI, while haloperidol enhanced LI, but only when pre-exposure was conducted over a number of days (Bethus, Muscat & Goodall, 2006; Schmajuk, Gray & Larrauri, 2005) . However, pre-exposure conducted over several days is likely to engage additional processes because of an increased memory component. This would follow because memory resources would be required for spaced pre-exposures to have an equivalent outcome to massed pre-exposure. The precise procedural variant of LI in use may also be a factor. Specifically, task motivation may be an important determinant of the underlying substrates that must be distinguished from those key to salience modulation per se (Section 6).
Dissociations with respect to distinct aspects of salience modulation measured in other procedures have started to emerge, particularly with reference to the different receptor families in the DA system. Pharmacological studies have shown that the DA D2 receptor subserves the differences in associability that arise from past experience with the CS as measured in LI. Amphetamine, which releases DA, disrupts LI, while DA antagonists which act at the D2 site (haloperidol, raclopride, sulpiride and clozapine) selectively reverse amphetamine-induced disruption of LI and potentiate LI when given alone (Dunn, Atwater & Kilts, 1993; Moran & Moser, 1992; Moran, Fischer, Hitchcock & Moser, 1996; Moser, Lister, Hitchcock & Moran, 2000; Russig, Kovacevic, Murphy & Feldon, 2003; Russig, Murphy & Feldon, 2002; Shadach, Gaisler, Schiller & Weiner, 2000; Solomon et al., 1981; Weiner, 2003; , 1997 Weiner, Feldon & Katz, 1987; Weiner et al., 1981) .
Conversely, there is evidence that the D1 receptor subserves differences in associability that arise from intrinsic salience (the physical aspects of the CS) as measured in overshadowing. Amphetamine also abolishes overshadowing and this effect is reversed by the selective D1 antagonist SCH 23390, but not by D2 antagonists such as haloperidol, raclopride or sulpiride. In addition, the partial D1 agonist SKF 38393 abolishes overshadowing (O'Tuathaigh & Moran, 2002 O'Tuathaigh et al., 2003) . Furthermore, the effect of haloperidol in enhancing LI is not readily reproduced with DA D1 antagonists (Trimble, Bell & King, 2002) .
These findings suggest the hypothesis that the D1 and D2 subclasses of receptor are dissociably involved in different selection processes for learning: D1-like receptors in encoding stimulus salience determined by stimulus intensity, as measured in overshadowing procedures; D2-like receptors in associability as determined by past experience with the stimulus, as measured in LI procedures. In general, although the interpretation of dissociations in terms of neuropharmacology rather than mere neuroanatomy has been neglected, there are some relevant precedents in studies of addiction (Volkow, Fowler, Wang & Goldstein, 2002) and pre-pulse inhibition (Peng, Mansbach, Braff & Geyer, 1990 Of course, pharmacological dissociations may not be clear-cut. For example, it is already known that amphetamine effects on LI are not, as should be predicted, reproduced by other more selective agonists for DA D2-like receptor families . These findings suggest that a balance of receptor activations (or interactive effects) may mediate the actions of amphetamine in LI, as seems to be the case for unconditioned behaviours (Canales & Iversen, 2000) and blocking (Iordanova et al., 2006 ; but see Crider et al., 1982) . Further systematic comparison with additional learning effects such as blocking and conditioned inhibition will be needed to clarify the role of the DA D1 and DA D2 receptor families, as well as other known neuromodulators of LI (Weiner, this volume) . However, for some such comparison tasks, there is evidence to suggest that paradigm variations -and in particular how the task is motivated -also should be taken into account.
CS-UCS interactions and salience modulation
It now well accepted that stimuli, or rather particular combinations of stimuli, do not start out equally effective in conditioning. In animals, some CS-UCS relationships are learned more easily than others (Garcia & Koelling, 1966; Shapiro, Jacobs & LoLordo, 1980) . In humans, CS salience ratings vary by modality depending on the outcome to be predicted (Barklamb & Cassaday, 2007) . In other words there is a role for stimulusreinforcer interactions and, in the absence of prior experience, some would argue that these can be innate as a result of evolutionary pressures (Rozin & Kalat, 1971) .
A particularly clear demonstration is provided in the case of conditioned taste aversion (CTA): flavours are much more readily associated with subsequent illness than are other stimuli, and on the basis of a single experience (Garcia & Koelling, 1966) . As well as providing evidence for the role for pre-determined salience such stimulus-reinforcer interactions are likely to influence the susceptibility of salience modulation to dopaminergic treatments. There is clear evidence on this point in the case of CTA. Although a CTA procedure for LI showed the same sensitivity to systemic amphetamine as the more widely used conditioned emotional response (CER) procedure (Russig et al., 2003) , there was a striking discrepancy with respect to the role of n.acc. In contrast to the expected disruption (Joseph et al., 2000; Jongen-Relo et al., 2002; Restivo et al., 2002; Tai et al., 1995; Weiner, 2003) , shell lesions enhanced LI in a CTA procedure (Pothuizen, Jongen-Relo, Feldon & Yee, 2006) . Hippocampal lesions too have contrary effects on LI when tested with CTA (Purves, Bonardi & Hall, 1995; Reilly, Harley & Revusky, 1993) . Only with a CTA procedure can LI be abolished by amphetamine treatment confined to stimulus preexposure (Bethus et al., 2006) , in contrast to results with CER (Weiner, 2003; Weiner et al., 1988) . (An alternative explanation for this exceptional outcome from stage of procedure drug studies of LI was discussed in Section 5.) Taste aversion is undoubtedly the most extreme case of how the nature of the UCS can interact with salience modulation of the CS. Although appetitive LI has been under-investigated, sensitivity to disruption under amphetamine, comparable to that seen in the typical CER procedure, has definitely been shown (Killcross, Dickinson & Robbins, 1994; Norman & Cassaday, 2004) . Aversive CER and appetitive overshadowing studies also show comparable sensitivity to disruption under amphetamine (Table 15. 3). Given the above discrepancies reported with CTA procedures, the consistency (with respect to sensitivity to the disruptive effects of amphetamine) between the CER and appetitive tests of LI and overshadowing suggests that the nature of the aversive motivation matters (see also Moser et al., 2000) .
Dissociable aspects of salience modulation and schizophrenia
We have considered salience modulation in a variety of experimental procedures that can be applied to our understanding of human disease states. Of these the LI-CER procedure has been most widely investigated in animals. The LI model translates to schizophrenia in that the effect is absent in acute schizophrenia (Baruch, Hemsley & Gray, 1988) . Moreover it can be abolished by amphetamine (Gray, Pickering, Hemsley et al., 1992; Kumari et al., 1999) and (under some circumstances) enhanced by haloperidol in humans as well as in rats (Williams, Wellman, Geaney et al., 1996 , 1997 Kumari et al., 1999) . Such disruptions of LI, which result in better conditioning to (previously) irrelevant stimuli as compared to healthy subjects, are used to model the attentional deficits seen in schizophrenia (for reviews see Gray et al., 1991 Gray et al., , 1997 Gray et al., , 1999 Weiner 1990 Weiner , 2003 . Coincident with these findings, there has been a recent revival of the view that in schizophrenia a dysregulated hyperdopaminergic state leads to an aberrant assignment of salience to the elements of experience (Bleuler, 1911; Gray et al., 1991 Gray et al., , 1997 Gray et al., , 1999 Kapur, 2003 Kapur, , 2004 . Symptoms such as delusions arise as a patient tries to make sense of these aberrantly salient experiences, whereas hallucinations reflect a direct experience of the aberrant salience of internal representations. Antipsychotic drugs through their actions on DA Weiner et al. (1981 Weiner et al. ( , 1988 O D2 receptors have been proposed to "dampen the salience" of these abnormal experiences, thus alleviating symptoms.
Salience, as we have discussed, is influenced by a multitude of factors. Thus, a better understanding of the psychological processes underlying LI and other kinds of salience learning will be fundamental to our understanding of schizophrenia. But what are the underlying mechanisms and how do findings from LI best relate to wider hypotheses of DA function? It has to be acknowledged that evidence on the neural substrates of salience modulation is as yet incomplete. The same structures may not be necessary for overshadowing (Horsley et al., 2008) . However, in principle, the same multi-synaptic circuitry identified with LI through lesion studies could modulate salience processing as measured in overshadowing procedures (Figure 15.2) . In other tests of learning and attention, there is evidence -in terms of sensitivity to lesions -that this circuitry is dissociably involved in top-down and bottom-up processing (Myers, Gluck & Granger, 1995; Rossi, Bichot, Desimone & Ungerleider, 2007; Stuss, 2006) . Such dissociations are consistent with the picture emerging here of distinct neuropharmacological bases for dissociable aspects of salience encoding (Figure 15.3 ). This generates a number of testable predictions. For example DA D2 antagonists and D1 agonists should be differentially effective on distinct aspects of the attentional disturbance of schizophrenia. The evidence for dissociable aspects of salience modulation, shown in Figure 15 .3, is drawn from conditioning studies in animals that for the most part use CER procedures. The interactions between task motivation and salience modulation (Section 6) could be viewed as a limitation on the usefulness of this particular animal model of selective learning. However, CER procedures produce results consistent with those found in appetitive procedures (Table 15. 3). Moreover, differences in motivational state might be an important determinant of salience processing in schizophrenia, as it certainly is in ADHD (Luman, Oosterlaan & Sergeant, 2005; van Meel, Oosterlaan, Heslenfeld & Sergeant, 2005) . The clinical impression that patients with schizophrenia are particularly attuned to threat is supported by questionnaire measurement of their sensitivity to punishment and non-reward, conceptualized as an overactive behavioural inhibition system (BIS; Gray, 1982;  relatedly, for the role of anxiety in LI, see Braunstein-Bercovitz, this volume). Moreover, this questionnaire study showed that higher BIS sensitivity correlated with duration of illness (Scholten, van Honk, Aleman & Kahn, 2006) .
Switching and selective learning
A full account of selective learning and its underlying biology must also include evidence for the role of processes beyond salience modulation. Following from the now well-established role of n.acc in switching between competing behaviours (Bakshi & Kelley, 1991a , 1991b Evenden & Carli, 1985; Floresco, Ghods-Sharifi, Vexelman & Magyar, 2006; Robbins & Koob, 1980; Van den Bos & Cools, 2003) , hypotheses of DA function also have encompassed a role in "attentional" switching between competing contingencies. A switching mechanism has already assumed prominence in analysis of the DA substrates of LI (Weiner, 1990 (Weiner, , 2003 . Selective lesion studies have located this switching mechanism in the n.acc core, which is normally inhibited by shell n.acc (Schiller, Zuckerman & Weiner, 2006; . The idea is that LI is disrupted by shell lesions because of excessive switching to the new contingency (in our terms the moderating effects of acquired salience are lost). Conversely, persistent LI is produced by core lesions because of retarded switching (Weiner, 1990 (Weiner, , 2003 .
The reduction in later learning produced by stimulus pre-exposure in LI may be attributed to stimulus pre-exposure setting up a contingency that interferes with the learning of a new contingency. This is not the only interpretation of LI but it is one that can explain why the effect is abolished by DA treatments confined to the conditioning stage of the procedure while these same treatments are typically ineffective when their administration is confined to pre-exposure (Joseph et al., 2000; Weiner et al., , 1988 Young et al., 2005) . This pattern of effects is compatible with those associative interference accounts of LI which allow that effects may be mediated at acquisition rather than exclusively at retrieval (Bouton, 1993; Kraemer & Roberts, 1984; Kraemer & Spear, 1992 Similarly, accounts of schizophrenia have been framed in terms of the inability to use "memories of past regularities" (Gray et al., 1991; Hemsley, 1977 Hemsley, , 1993 . In rat studies, amphetamine has effects across a number of two-stage paradigms which are consistent with increased switching when normal performance depends on an interaction between the stimulus currently presented and stored memories of past contingencies (see Weiner, 1990 Weiner, , 2003 . Increased switching under these circumstances would have the same outcome as a failure to be influenced by past regularities. Such a deficit could also be described in terms of the "output processes" of attention which are concerned with the retrieval of information from memory before responding and thus inherently top-down (Hemsley, 1977 (Hemsley, , 1993 .
The switching mechanism could be fundamental to the expression of acquired salience in all tasks that require comparison between competing contingencies. However, the outcome of switching would depend on the nature of the previously established contingency. For example, conditioned inhibitors have a negative or "dampening" effect on subsequent associative learning. This is established by prior training with a CS; the conditioned inhibitor is then introduced to signal that the otherwise expected UCS will not occur. The switching hypothesis of n.acc function could be extended to conditioned inhibition as follows: excessive switching between conflicting contingencies (e.g., after shell lesion) should promote conditioned inhibition because the representation of a non-event must rely on the concurrent presence of the excitatory association; conversely, retarded switching between contingencies (e.g., after core lesion) should impair conditioned inhibition because the comparison process that generates mismatch would be impeded. Therefore, the role of switching will depend critically on the learning task in question; and whilst normal switching is not synonymous with normal salience modulation, normal switching will be essential for the modulation of new learning by acquired salience.
Conclusions and implications
LI has been a key phenomenon in understanding how learning is influenced by stimulus salience. In the present chapter, we have considered a number of other selective learning phenomena that involve salience modulation. Furthermore, we have reviewed the evidence that whilst, in part, they may rely upon the same neural substrates, there are pharmacological dissociations, and the range of underlying psychological processes is most certainly different.
Behavioural analysis alone has already suggested some likely dissociation in terms of neuropharmacological substrates because selective learning tasks influence the salience of available stimuli in different ways. For selection based on the information content of stimuli, salience must necessarily be determined by factors beyond the intrinsic physical characteristics of the stimuli. Since one of these factors is the influence of past experience, we have proposed a distinction between intrinsic and acquired salience, as applied to associative learning phenomena that involve salience modulation, both of which may influence associative learning. Such a distinction accommodates observations that LI depends on both sources of salience. For example, studies restricting drug administration to different stages of the LI procedure can distinguish between effects on different aspects of salience processing. Although salience is generally agreed to be reduced through learning in LI, the effectiveness of the pre-exposure stage should initially be influenced by factors intrinsic to the stimulus (as well as salience learning). Later, in the conditioning stage of the procedure, acquired knowledge about the stimulus normally retards learning. This assumption generates testable predictions in that those treatments which unequivocally abolish LI through an effect mediated at pre-exposure (Section 5; Weiner, 2003 , for fuller review) should abolish overshadowing. LI effects mediated at pre-exposure are already of particular interest in that they have predictive validity for the treatment of negative symptoms (Weiner, 2003) .
In terms of neural substrates, LI has been more widely investigated than other selective learning phenomena. Therefore, not all lesions with known effects on LI have been tested in all selective learning tasks. In some cases, because comparisons have largely to be made between rather than within studies, procedural differences such as task motivation confound the comparisons. As a consequence, our concluding comments on the equivalence of the neural substrates on LI and other kinds of salience modulation can only be tentative. That said, on balance, the available data suggest that the same neural substrates -or at least the same circuitry -is likely to be important for different types of salience modulation. However, dissociations have been found in psychopharmacological studies. The novel implication arising from these dissociations is that the DA D1 and DA D2 receptor families may be differently involved in associative learning processes that are differentially dependent on intrinsic and acquired salience.
If this hypothesis withstands further testing, it will suggest novel strategies for the pharmacological treatment of schizophrenia (Figure 15 .3) and it will find some accommodation within cognitive psychology. A fundamentally similar distinction can be found in other domains where different sets of procedures and measures have been devised to differentially engage top-down processes based on prior knowledge and bottom-up processes that are driven more directly by the immediate sensory input. As might be expected, these are not always clear distinctions. However, a better understanding of the role of salience in learning, one that includes reference to the variety of underlying substrates, will significantly improve our understanding of the theoretical bases of associative learning and attention. LI presents a paradigm case in this respect. 
